Using the results of a previously reported microscopic calculation, we show that the most favored chiral superconducting order parameter in Sr2RuO4 has Chern number |C| = 7 in the weak coupling limit. This order parameter has a momentum dependence of the type sin(kx) cos(ky) + i sin(ky) cos(kx) and lies in the same irreducible representation Eu of the tetragonal point group as the usually assumed gap function sin(kx) + i sin(ky). While the latter gap function leads to C = 1, the former leads to C = −7, which is also allowed for an Eu gap function since the tetragonal symmetry only fixes C modulo 4. Since it was shown that the edge currents of a |C| > 1 superconductor vanish exactly in the continuum limit, and can be strongly reduced on the lattice, this form of order parameter could help resolve the conflict between experimental observation of time-reversal symmetry breaking and yet the absence of observed edge currents in Sr2RuO4.
Sr 2 RuO 4 is a layered perovskite material exhibiting a transition at 1.5 K to an unconventional superconducting phase. There is a lot of experimental evidence in favour of an odd-parity, possibly topological, superconducting phase [1] [2] [3] [4] [5] . These topological superconductors come in two kinds: chiral and helical. Chiral superconductors break time-reversal symmetry, have a Z topological number (called hereby the Chern number C and defined below) and can exhibit edge currents while helical superconductors are time-reversal symmetric, have a Z 2 topological number and can only exhibit time-reversed pairs of helicity currents. Majorana states in chiral superconductors could be used for topological quantum information processing [6] .
Evidence for time-reversal symmetry breaking in Sr 2 RuO 4 was given by muon spin relaxation [7] and optical Kerr effect [8] experiments. These experiments therefore point towards a chiral superconductor. The order parameter (OP) of a triplet superconductor is given by a three-dimensional vector d(k) [2] . For a tetragonal crystal like Sr 2 RuO 4 , this OP should transform according to a given representation of D 4h . Among the odd-parity irreducible representations of D 4h , the only one corresponding to a chiral state is E u , for which the order parameter should be given by d z = g x + i g y where the symbols g x,y stand for any function of momentum that transforms in the same way as sin(k x,y ) under the symmetry operations of D 4h .
The simplest example of such a gap function is given by
and it has been used as a prevailing assumption in the field. In this case, in analogy with superfluid 3 He-A, the superconducting state is supposed to be driven by ferromagnetic fluctuations on the fairly isotropic γ band, which is therefore the dominant band in this scenario. The two other bands, called α and β, are then merely spectators and the gap function on all bands is given by
where ν is the band index. Since there are three bands at the Fermi level (see Fig. 1(a) ), the Chern number C is given by the sum of the Chern number of each band C ν . The Chern number is given by the winding of the complex phase of d z around the Fermi surface (FS) of a given band, or it is equivalently given by the skyrmion number of the BdG Hamiltonian [9] :
where
is the band dispersion and µ is the chemical potential. From Fig. 1(b) , it is easy to see that C ν = +1 for a FS centered at (0, 0) (i.e. a particle band) and C ν = −1 for a FS centered at (π, π) (i.e. a hole band). Since there are two particle bands (β and γ) and one hole band (α) in Sr 2 RuO 4 , the total Chern number in this case is C = 1. The issue with this scenario is that a chiral superconductor with C = 1 should exhibit a nonzero total orbital angular momentum and edge currents, which have been elusive so far despite intense scrutiny [10] [11] [12] . Spontaneous angular momentum and currents in chiral superfluids have been studied extensively [13] [14] [15] [16] [17] [18] and it was confirmed recently that, in the case of C = 1, these currents are quite inevitable [19] [20] [21] . The apparent contradiction between measurements of time-reversal symmetry breaking and the absence of edge currents has been a long-standing puzzle about Sr 2 RuO 4 [4] .
The dominant γ scenario was challenged by a renormalization group (RG) calculation [22] [23] [24] that showed that, in the weak-coupling limit, the quasi-onedimensional (1D) α and β bands are actually driving superconductivity through antiferromagnetic fluctuations caused by the nesting of their FSs [25] (see also [26] [27] . The problem with this scenario is that, from thermodynamic data, it is believed that the gap should be of similar size on all three bands [27] , and that therefore γ should have a sizable gap which must lead to a nontrivial topology and presumably sizable edge currents.
In a previous work, we extended the aforementioned RG technique to include inter-band coupling and spinorbit coupling at the microscopic level [28] . The inclusion of these effects was shown to be crucial since it enabled us to obtain a similarly-sized gap on all three bands without any fine tuning, in agreement with thermodynamic data and in contrast to previous results. Depending on the ratio of Hund's coupling J to Hubbard interation U , this calculation could either favour a chiral state in the E u representation, or a helical state in the A 1u representation. Because of the evidence of time-reversal symmetry breaking, we will focus on the former case in this paper. The gap function we obtain in the E u representation d ν z,RG (k) has a highly non-trivial momentum dependence (see Fig. 1 (c)), but, by using the simple function
We show both d The main result of this work is the following: instead of having C = +1 for each particle band, like for d z,0 and for a continuum p x + ip y state, the OPs d z,RG and d z,1 have a Chern number of −3 for the particle bands β and γ. Indeed, as seen in Fig. 1 (c)-(d), the two particle bands β and γ have C = −3. This is allowed by symmetry, since being in the E u representation fixes C to be 1, but only modulo 4. Adding C α = −1 (which has a different value from β and γ since it is a hole-like band instead of a particle-like band), this leads to a total Chern number of −7. This is a dramatic change compared to the continuum case and this shows that, when lattice effects are strong, it can be misleading to have continuum OPs in mind. The gap function f 1 corresponds to a second neighbor pairing, a type of pairing that was already shown to lead to phases with |C| > 1 [29] [30] . Note that this pairing was considered elsewhere [25, 27, 31] , but in orbital basis and only for the quasi-1D orbitals d zx and d yz , while a gap of the form f 0 = sin(k x ) + i sin(k y ) was taken for the d xy orbital. We now discuss the value of the winding number for the gap functions f 0 and f 1 in the illustrative case of a square lattice with first and second neighbor hopping (corresponding to the γ band),
For f 0 , the situation is simple: a particle FS will have C = +1 and a hole FS will have C = −1 (see Fig 2(a) ). The situation for f 1 is made different by the presence of nodes at (±π/2, ±π/2) (see Fig 2(b) ). In this case, there are three different types of FS, given for increasing chemical potential: it can either be particle-like and not encircle the nodes (C = +1), be particle-like and encircle the nodes (C = −3), or be hole-like (C = −1). The Chern number as a function of µ is given in Fig. 2(b) . It is clear from angle-resolved photo-emission spectroscopy and quantum oscillation measurements [1] [2] [3] that the β and γ FSs enclose the nodes at (±π/2, ±π/2), and should therefore have C = −3 if their gap function is of the f 1 type. The α band is a hole band and should therefore have C = −1.
We emphasize that the gap function considered here, f 1 , could be called "chiral f-wave" if one were to use continuum notations, since it leads to |C| = 3 for a particle band for the chemical potential relevant to Sr 2 RuO 4 . This should not be confused with early proposals of gap functions that were also called "chiral f-wave", but only in respect to the way they transform under tetragonal In the case of f1, the nodal lines of the gap are given in red. For f0, the FS topology simply goes from particle-like to node-like, and the Chern number goes from +1 to −1 at this transition. For f1, there is one more sector appearing for intermediate chemical potential for which the FS is particlelike and encloses the nodes. The Chern number is −3 in this region.
symmetry, since they actually have |C| = 1. These proposals include (sin(k
Admittedly, the weak-coupling RG technique we use is exact only in the U/t → 0 limit, while this ratio is finite for a realistic material. The gap in the real material will therefore be renormalized compared to the gap function we find from the RG. Nevertheless, the gap function d z,RG was shown to reproduce the specific heat data [28] . Furthermore, d z,RG has deep minima on α and β, as required by STM [27] (the gap function on γ cannot be observed directly in STM because of atomic orbitals anisotropy). The fact that C α = −1 and C β = −3 should therefore be a robust result. The pairing on γ was shown to have a large second neighbor component from a singular-mode functional renormalization group calculation [37] . The case for the gap function on γ to be of the f 1 type is therefore also relatively strong. If, nonetheless, d z,γ were to be of the form f 0 instead of f 1 , C γ would be +1 instead of −3 and the total Chern num- ber C would be −3 instead of −7. We emphasize that, even in this case, one has C = 1. The Chern number can have an impact on different experiments. First, it gives the number of branches of chiral Majorana edge states and could lead to specific signatures in conductance measurements [38, 39] . Second, the thermal Hall conductivity is quantized and proportional to C [40, 41] :
where k B is Boltzmann constant and T is the temperature. We now discuss implications for edge currents in Sr 2 RuO 4 . In the continuum, due to rotational symmetry, there is only one possible OP for a given value of C:
C . Taking advantage of this, it was shown that having edge currents and a total orbital angular momentum "of order one" is inevitable for a |C| = 1 chiral superfluid in the continuum [19] [20] [21] . On the contrary, these two quantities were shown to vanish in the case of |C| > 1 [19] [20] [21] [42] .
When lattice effects cannot be neglected, like for Sr 2 RuO 4 , there are lots of possible OPs for a given Chern number, and the aforementioned dichotomy present in the continuum breaks down. In this case, the magnitude of edge currents can vary greatly from one OP to the other, even if they have the same Chern number. In order to estimate the edge currents for the different OPs discussed in this work, we follow the Ginzburg-Landau (GL) calculation given in Ref. [21] (see also Refs. [16, 31, [43] [44] [45] ). In this theory, it can be shown that the current density coming from band ν is proportional to the following coefficient
where g 1 and g 2 are the two dimensionless components of the order parameter (for example, g 1 = sin(k x ) and g 2 = sin(k y ) in the case of f 0 ), v x,y are the Fermi velocity components and the average is over the FS. The total current is proportional to the average of the k 3,ν coefficients weighted by the respective density of states at the Fermi level:
We note that, from Eq. 8, it is confirmed that the Chern number and the value of edge currents are not directly related for a lattice system. Indeed, by applying to a given OP a rapid rotation of g over a small portion of the FS, it is possible to change the Chern number without changing k 3,ν significatively. Such modification of the OP is not possible in the continuum because it breaks rotational symmetry.
In Table I , we give the values of k 3,ν and k 3 for the three different OPs discussed in this work. Compared to d z,0 , there is a strong reduction of k 3 : the reduction factor is 33 for d z,1 and 17 for d z,RG . We emphasize that this reduction should be very robust and appear both at edges and domain walls, since it comes from an intrinsic property of the bulk superconducting state. Experimental data [10, 11] restricts edge currents generated fields to be three orders of magnitude smaller than the Matsumoto-Sigrist prediction [46] , which is of the order of 10 G. The reduction estimated here from k 3 is therefore not sufficient by itself to explain the experiments. There are however other proposals for edge currents reduction [18, 31, 45, 47, 48] that could combine with the present one.
In particular, metallic edges were shown to reduce edge currents by one order of magnitude compared to the Matsumoto-Sigrist prediction [31] . In order to estimate this effect for the OPs studied in this work, we perform a Bogoliubov-de Gennes (BdG) calculation in a cylinder geometry for the illustrative case of the γ band model given by Eq. 6. Following Ref. [31] , we model the metallic edge by a region of width L M sites where the gap is set to zero. In Fig. 3 , we show the spontaneous current as a function of the metallic region width, I 0 (L M ) and I 1 (L M ), for the cases of f 0 and f 1 , respectively, and for a typical temperature relevant to experiments, T /T c = 0.2. In both cases, starting from I(0), the current first drops with increasing L M and then reaches a plateau at a reduced value, which we will call I(∞). This plateau corresponds to the infinite metallic region width limit, for which L M v F /T [31] . In the case of f 0 , the current obtained without metallic edge, I 0 (0), is roughly equal to the Matsumoto-Sigrist prediction [31, 46] . We find the reduction factor caused by the metallic edge, I 0 (0)/I 0 (∞), to be 30, in rough agreement with Ref. [31] . As seen in Fig. 3 , the current in the f 1 case is reduced in two ways. First, its value without metallic edge is reduced by a factor of 6 compared to the case of f 0 , i.e. I 0 (0)/I 1 (0) 6 [49] . Second, the reduction associated with the metallic edge is much stronger than in the case of f 0 , since one has
125. All in all, this sums up to a very large reduction factor, I 0 (0)/I 1 (∞) 750, for the spontaneous current of the OP f 1 in the presence of a metallic edge compared to the Mastumoto-Sigrist prediction. This reduction factor is promising since it roughly corresponds to the three orders of magnitude required to explain the absence of measurable edge fields.
The present BdG results were obtained without im- 3 . Spontaneous currents I0 and I1 for the gap functions f0 and f1, respectively, in the illustrative case of the γ band model given by Eq. 6. These results were obtained from a BdG calculation in a cylinder geometry with a metallic region of width LM . The superconducting region width was fixed at LS = 100 sites. The gap is zero in the metallic region and takes a uniform value of ∆ = 0.05t in the superconducting region. The temperature is set at a typically relevant value for experiments, T = 0.2Tc.
posing a self-consistency condition, as opposed to previous work [21, 31, 50] . Furthermore, our BdG calculations were only performed for an isolated γ band. A fully self-consistent, three-band BdG calculation for the OPs discussed here remains for future work.
In conclusion, we have shown from a microscopic calculation that a chiral state with a gap function of the type sin(k x ) cos(k y ) + i sin(k y ) cos(k x ) is favored on the three bands of Sr 2 RuO 4 , at least in the weak coupling limit. This OP leads to a Chern number of −7, in contrast to the previously assumed value of +1. This state naturally predicts both time-reversal symmetry breaking and the possibility of a large reduction of edge currents, thereby helping to reconcile two sets of experiments: optical Kerr effect and muon spin relaxation on one side, and negative results obtained in the search for edge currents on the other. While a fully self-consistent, three-band BdG calculation of the edge current reduction is needed to be definite, we believe the present results could be an important piece of the puzzle in reconciling the absence of edge currents with the presence of a chiral superconducting state in Sr 2 RuO 4 .
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